The design of the 1-2 GeV Synchrotron Radiation Source to be built at the Lawrence Berkeley Laboratory is described. The goal of this facility is to provide very high brightness photon beams in the ultraviolet and soft X-ray regions. The photon energy range to be served is from 0.5 eV to 10 keV, with the brightest beams available in the 1 eV -1 keV interval. For time-resolved experiments, beam pulses of a few tens of picoseconds will be available. Emphasis will be on the use of undulators and wigglers to produce high quality, intense beams. Initially, four of the former and one of the latter devices will be installed, with six long straight sections left open for future installations. In addition, provision is being made for 48 beamlines from bending magnets.
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The storage ring is optimized for operation at 1.5 GeV, with a maximum energy of 1.9 GeV. The injection system includes a 1.5 GeV booster synchrotron for full energy injection at the nominal operating energy of the storage ring. Filling time for the maximum storage ring intensity of 400 mA is about Z minutes, and beam lifetime will be about 6 hours. Attention has been given to the extraordinary requirements for beam stability, and to the need to independently control photon beam alignment. Typical rms beam size in insertion regions is 201 um horizontal, and 38 urn vertical.
The manner in which this design achieves very high spectral brightness from undulators and wigglers, while maintaining a modest value for the beam current, will be described. Primarily, this requires that the design of the lattice, the arrangement of bending magnets, focusing quadrupoles and straight sections, be done with this in mind.
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A very good vacuum (10" Torr) is required ; this is achieved with the aid of a novel design of vacuum chamber that minimizes the effects of outgassing. Means must also be provided for avoiding instabilities that would cause growth of the storage ring beam size.
Description of the Facility
The 1 -2 GeV Synchrotron Radiation Source will be located at Lawrence Berkeley Laboratory, on the site of the 184-Inch Cyclotron. The Cyclotron will be shut down and dismantled as part of the Light Source project. An extension to the existing cyclotron building will be added, to house the new storage ring facilities, photon beamlines and experimental areas. A plan of the overall layout is shown in Fig. 1 . As is shown in the figure, beamlines will be installed for only part of the ring, leaving the remainder for future additions. Figure 2 shows a cross section of the storage ring enclosure. The construction began in the fall of 1986, and will be complete in 6 years, in 1992. The cost is $98.7 M. A full description of the facility, including construction schedule and costs, will be found in the Conceptual Design Report [1] .
The principal parameters of the storage ring are shown in Table I . The storage ring circumference is 197.8 m, with 12 straight sections, 11 of which are available for insertion devices. The total space made available for insertion devices is 55 m, more than one-quarter of the 197 m circumference. The injector complex, consisting of a 50 MeV electron linac and a 1.5 GeV booster synchrotron, is located inside the storage ring, as shown in Fig. 5 . Filling time required to achieve the design current of 4QQ mA will be short, about 2 minutes. The very small natural beam emittance of 4.1X1Q trm-rad will permit photon beams of exceptional brightness. Two modes of operation are foreseen --a multibunch mode in which about three-quarters of the storage ring is filled (leaving a gap for ion clearing purposes), and a single-bunch made, in which one, or at most a few, bunches are injected into the storage ring. The half-life 2 of the stored beam, in the worst case, with a single-bunch mode and operating with a 1 cm vacuum gap, is 5 hours. For multibunch operation the half-life should be longer, about 7 hours. Good transfer efficiency is maintained in the booster by using single turn injection and extraction. A FODO lattice is used for the booster, with straight sections for injection, extraction and rf cavities being obtained by leaving out some dipoles, creating four superperiods in the lattice.
The performance goals of the Light Source (Table I!) were developed by a consensus of the user community, and confirmed in a Workshop held at Berkeley in 1985 [2] . As mentioned above, there will be an initial complement of five insertion devices in the storage ring, with space for future addition of six more. Tentative parameters for the first five devices, four unduiators and one wiggler, are given in Table III 
Lattice Design Considerations
The design of the storage ring lattice, i.e., the arrangement of dipole, quadrupole and sextupole magnets, is of great importance in determining the beam quality, and the usability of the facility. The most important requirements to be satisfied in the design are the following:
• Availability of many long straight sections for insertion devices.
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• An adequate tuning range for betatron oscillation frequencies in both transverse planes, in order to avoid resonances and instabilities.
• A need for short bunches --tens of picoseconds.
• An adequate dynamic aperture (i.e., the aperture over which electrons have stable oscillations).
• A large momentum acceptance, in order to maximize electron beam lifetime due to large-angle intrabeam scattering (the Touschek effect).
A thorough study was undertaken of a number of lattice options to determine the lattice that would most completely satisfy these requirements. The so-called TBA, or triple-bend achromat, lattice was chosen as having the best properties [3] . One cell of this structure is shown in Fig. 8 ; the corresponding lattice functions are shown in To insure stable operation, instabilities that could cause beam jitter or beam loss have been carefully studied, using a computer code called ZAP [6] , A careful analysis of this problem, which is given in Ref. [1] , concludes that, without some preventive measures, a number of resonance modes would have growth times considerably shorter than the synchrotron radiation damping times. Careful design of the rf cavities to reduce or eliminate parasitic high-order modes is thus necessary to minimize or avoid the excitation of longitudinal and transverse coupled-bunch instabilities. In addition, active mode supression (feedback) will be employed as necessary to supress coupled-bunch instabilities. The kicker voltages and bandwidth required for the feedback system are moderate.
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An important goal of the design is to achieve an electron beam half-life of many hours. Beam lifetime is dependent upon reducing losses due to gas scattering and large angle intrabeam scattering (the Touschek effect). The first is achieved by maintaining a low pressure of 10 Torr (see below). The dominant gas scattering loss occurs at the regions of smallest aperture; these will be at the undulator gaps, which can be as small as 1 cm. For the second, the rf voltage must be high enough to provide momentum acceptance of 5.5%, which will assure a high Touschek lifetime. To provide the short bunches, an rf frequency of 500 MHz was chosen. The predicted beam lifetimes, obtained with the ZAP code, with all of these effects taken into account, are shown in The method adopted for avoiding ion trapping is to maintain a gap in the circulating beam, leaving contiguous rf buckets unfilled for about one-quarter of the circumference. This technique has been used successfully at a number of operating storage rings [7] . tn order to understand how effective this measure would be for our design, the ion motion within the potential well of the beam was simulated, both with and without a beam gap [4] . It was found that, without the gap, all ion masses of interest would be stable, i.e., could remain in the electron beam, whereas the introduction of a substantial gap caused most ion masses to become unstable, i.e., to leave the electron beam. Some of these results are shown in Fig. 13 .
Magnets and Vacuum Several types of magnets are to be fabricated for the Light Source project:
• Gradient bending magnets, which both bend and focus the beam.
• Quadrupole magnets to focus the beam.
• Sextupole magnets for chromaticity correction.
• Skew quadrupoies to control vertical beam size.
• Small dipole magnets for vertical and horizontal steering.
• Septum magnets for booster injection and extraction, and storage ring injection.
• Kicker magnets for booster injection and extraction.
• Bump magnets for moving the storage ring orbit close to the septum.
• Solenoid magnets for focusing the beam form the source through the 50
MeV linac.
Existing storage ring technology is adequate to meet the requirements for fabrication tolerances and placement accuracy. For the storage ring, the required tolerances are readily achieved that will satisfy dynamic aperture requirements. The storage ring magnet yokes are designed with a C configuration to accommodate the novel vacuum chamber, which extends outside the ring. The combined function bending magnets are shown in cross section in Fig. 14 . A quadrupole magnet cross section is shown in Fig. 15 . The yokes are formed in two halves, and keyed to achieve the desired precision in assembly.
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The vacuum chamber must maintain a pressure of 1x10" Torr in the vicinity of the electron beam. In order to accomplish this, we must be able to pump efficiently the large amount of gas released by synchrotron radiation striking the chamber walls. The novel solution adopted is illustrated in Fig. 16 . The outer wall of the chamber enclosing the circulating beam contains a 1 cm high slot, which opens to a much larger outer chamber. The synchrotron radiation passes through this slot, and strikes a water cooled photon stop in the outer chamber. Directly beneath each stop is a titanium sublimation pump. In order to achieve the complex shapes and precise tolerances required, as well as strength where needed, the vacuum chamber is machined from aluminum alloy.
Injection System
In order to achieve the electron beam quality and reliability of operation expected in the storage ring, a 1 Hz booster synchrotron injecting at full energy is used. This in turn is injected with a 50 MeV electron linac. Table IV lists the performance characteristics of this injector facility. Table V shows the expected transmitted intensities of electrons, from the gun to the storage ring, for the two operating modes.
In order to achieve a relatively high linac current, while keeping the peak current of the electron gun at modest values, subharmonic bunching is used between the gun and linac. The design is similar to that used at SLAC for the SIX injector [8] ,
In the single-bunch mode, the gun must deliver 2.4 A with a pulse duration of 2.5 ns. Two subharmonic buncher cavities located between the gun and linac compress this pulse so that it can be accepted by the S-band buncher at the entrance to the linac, and accelerated in the linac. The multibunch mode of operation is similar, except that a lower gun current of 1 A, with a pulse length of 100 ns, is sufficient to produce a train of 17 linac pulses for injection into the booster. In order to insure that the beam energy spread is not increased by rf phase mismatch between systems, the subharmonic buncher, linac and booster are phase-locked. The relation between the beam bunches and the rf in these systems is shown in Fig. 17 .
The linac is a 4 m, disk-loaded waveguide structure, operated in a traveling-wave mode. At its entrance a short (0.105 m) S-band buncher is used, operating at the linac frequency of 2998 Ml-te. The linac structure Is divided into two 2-m sections, each with a klystron driver and load. This arrangement provides flexibility in tuning Unac phases, which is helpful in dealing with beam loading, and also reduces the power required from a single klystron, enhancing reliability;
The booster synchrotron, operating at 1 Hz, is used to accelerate the 50 MeV beam from the linac to the nominal storage ring operating energy of 1.5 GeV.
Single-turn injection and extraction are used to insure good overall injection efficiency for the booster. The booster lattice is a simple FODO separated-function structure, with some bending magnets omitted to provide straight sections for injection, extraction , and rf cavities (see Fig. 3 ). Two sextupole families are used to correct chromaticity throughout the acceleration cycle. Families of steering magnets are used for orbit correction, but the requirements are less severe than for the storage ring.
Further details of the injection system design can be found in Ref. [9] .
Instrumentation and Control Systems
Diagnostic instrumentation is used to control and measure electron beam position, emittance, momentum spread, intensity and bunch length to the accuracy needed to meet design specifications for the stored electron beam. In the storage ring, 96 beam position monitors (BPMs) capable of a position accuracy on the order of Q.03 mm are used [10] . The design of the BPM is illustrated in Fig. 18 . Flush mounting of the button pickups in the vacuum chamber wall ensures that the electromagnetic disturbance to the circulating beam from the BPMs is kept to a minimum. Each button has its own local processing electronics, with information transmitted digitally to the control room. Fast single-turn measurements are accurate to a few percent; for stored beam measurements, many turns are averaged to achieve greater accuracy. Other storage ring instrumentation includes synchrotron light optical monitors to measure beam transverse dimensions and bunch lerjth, and a current transformer to measure intensity. Similar instrumentation is used in the booster.
In the transport between the linac and booster, and between the booster and storage ring, the instrumentation, in addition to BPMs, includes intensity monitors, adjustable collimators, and scintillation screens viewed with TV monitors. In the linac to booster line, at a point where a focal condition exists but where dispersion is high, the momentum spread can be measured and the source and linac can be tuned to minimize the spread. Collimators at that point are employed to control the momentum spread of the beam injected into the boaster.
The computer control system uses a microprocessor-based architecture that permits a distributed database, parallel processing, and rapid collection and transmission of data. Figure 19 is a schematic of the major elements of the control system. Analog data are collected, digitized, subjected to a certain amount of processing, and stored in the components labeled ILC (for intelligent local controller) and IOMM (input-output micro-module). A copy of this data is transmitted over fiber optic links to the CMM (collector micro-module), which functions as a central repository for data. This data is accessed, asynchronously, by the DMM (display micro-module), which is an interface to the operator consoles, and through Ethernet, to development workstations and other computer systems. Control of insertion devices by users will be possible from consoles located near the experiment. Operator commands, and other changes to the database, flow from the DMM back through the CMM to the front-end ILC and IDMM modules. Data security will be implemented by a scheme in which data can be read by any console but changes to data can only be made by authorization of the chief operator.
The DMM contains several processors, linked by an internal bus that is separate from the input-output ports by which data is received and transmitted outsi.de the DMM. The CMM contains several dual-ported processors, allowing receipt and transmission of data to proceed independently. By these means the control system response time is kept very short, even when the data collection rate is very high.
Another advantage of this system architecture is that all major items, with the exception of the ILC boards, are available commercially. The ILC boards were designed in-house, and then loaded with commercially available components. 
The photon energy rat.ge of the fundamental and the third harmonic (shown in brackets) as K decreases from its maximum value to 0.5. 
